We report the first full-dimensional potential energy surface (PES) and quantum mechanical close-coupling calculations for scattering of SiO due to H 2 . The fulldimensional interaction potential surface was computed using the explicitly correlated coupled-cluster (CCSD(T)-F12b) method and fitted using an invariant polynomial approach. Pure rotational quenching cross sections from initial states v 1 = 0, j 1 =1-5 of SiO in collision with H 2 are calculated for collision energies between 1.0 and 5000 cm −1 . State-to-state rotational rate coefficients are calculated at temperatures between 1 arXiv:1802.04702v1 [physics.chem-ph] 25 Jan 2018 5 and 1000 K. The rotational rate coefficients of SiO with para-H 2 are compared with previous approximate results which were obtained using SiO-He PESs or scaled from SiO-He rate coefficients. Rovibrational state-to-state and total quenching cross sections and rate coefficients for initially excited SiO(v 1 = 1, j 1 =0 and 1) in collisions with para-H 2 (v 2 = 0, j 2 = 0) and ortho-H 2 (v 2 = 0, j 2 = 1) were also obtained. The application of the current collisional rate coefficients to astrophysics is briefly discussed.
Introduction
Molecular hydrogen is the most abundant species in most interstellar environments. Collisional relaxation of rotationally or vibrationally excited molecules by H 2 impact is therefore an important process in astrophysics, astrochemistry, and in many environments where non-equilibrium kinetics plays a dominant role. In the interstellar medium (ISM), cooling processes are primarily associated with collisional thermal energy transfer between internal degrees of freedom followed by emission of radiation. Collisional data for state-to-state vibrational and rotational quenching rate coefficients are needed to accurately model the thermal balance and kinetics in the ISM. Quantum mechanical scattering calculations are the primary source of these much needed collisional data.
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A quantum close-coupling (CC) treatment has been developed 2,3 for full-dimensional collisions involving two diatomic molecules. With the recent development of the quantum scattering code TwoBC, 4 which implements full angular momentum coupling, it is now feasible to perform extensive rovibrational coupled-channel scattering calculations for diatom-diatom systems in full-dimensionality. The first six-dimensional (6D) CC calculations of rovibrational collisions of H 2 with H 2 were presented recently. [5] [6] [7] Subsequently, full-dimensional CC computations were extended to the complex systems CO-H 2 8,9 and CN-H 2 10 on 6D PESs constructed from high-level ab initio electronic structure calculations. However, the full quantum close-coupling method is expensive due to the large number of basis states and coupled channels. Recently this difficulty has been alleviated to some extent by using the coupled-states (CS) approximation presented by Forrey and coworkers. 11, 12 The CS approximation has been successfully implemented in H 2 +H 2 and CO+H 2 rovibrational scattering calculations and achieved reasonable agreement with CC results. 11, 12 However, in this work we adopt the CC method.
Interstellar silicon monoxide (SiO) was first detected by Wilson et al. 13 through the line emission of j 1 = 3 − 2 in Sgr B2. Recently, Fonfría et al. 14 observed SiO transitions (v 1 = 0, j 1 = 6 − 5) and (v 1 = 1, j 1 = 6 − 5) in the ground and first excited vibrational states towards the C-rich AGB star IRC +10216. However, it was pointed out that fitting the emission of the molecular lines in the warmest regions of the envelopes of AGB stars (T k 1000 − 3000 K) is a challenging task due to the lack of collisional coefficients. Tercero et al.
15
detected the j 1 = 2−1 and j 1 = 4−3 lines for excited v 1 = 1 state of SiO in a survey towards
Orion KL. Using a radiative transfer code, they modeled the lines of the detected siliconbearing species. The SiO-H 2 rotational rate coefficients of Dayou and Balança, 16 derived from rigid-rotor approximation calculations on a SiO-He surface, were used in the modeling.
Prieto et al. 17 detected for the first time toward IK Tau rotational lines of SiO isotopologues in vibrationally excited states. Agúndez et al. 18 observed j 1 = 2 − 1 through j 1 = 8 − 7
rotational transitions of the v 1 = 0 state and three transitions of the v 1 = 1 state of SiO in the inner layers of IRC +10216. In their radiative transfer modeling the rate coefficients of Dayou and Balança 16 were adopted for the first 20 rotational levels and for temperatures up to 300 K. However, for temperatures higher than 300 K and for rovibrational transitions, the collision rate coefficients used for carbon monosulfide were adopted. Justtanont et al.
19
reported the observation of SiO lines in the Herschel HIFI spectra of nine oxygen-rich AGB stars. These included pure rotational lines (j 1 = 14 − 13 and j 1 = 16 − 15) and vibrationally excited (v 1 = 1) rotational lines j 1 = 13−12, j 1 = 15−14, and j 1 = 23−22. Matsuura et al.
20
performed non-local thermodynamic equilibrium (NLTE) line radiative transfer calculations using the SiO-H 2 collisional excitation rate coefficients which were obtained by scaling the Here we present the first full-dimensional PES for the SiO-H 2 complex. We also performed the first scattering calculations for this system for rotational and vibrational inelastic processes in full dimension. The paper is organized as follows. The theoretical methods are briefly described in Sec. II. The results are presented and discussed in Sec. III. Astrophysical applications are discussed in Section IV. Section V summarizes the results and presents an outlook on future work.
Theoretical Methods
In this section the theoretical methods used in the PES calculation and fit as well as rovibrational inelastic scattering calculation are briefly described. The reader is referred to Refs. [ 5, 8, 24] for more details of the methodology.
Potential energy surface computations and fit
The 6D interaction potential of SiO-H 2 in the electronic ground state was calculated on a 6D grid using Jacobi coordinates (R, r 1 , r 2 , θ 1 , θ 2 , φ) as shown in Fig. 1 were compared with those from the conventional CCSD(T) method using aug-cc-pV5Z. The counter-poise (CP) 34 corrected interaction energy agrees closely with those derived from CCSD(T)/aug-cc-pV5Z. The interaction PES was corrected for basis set superposition error (BSSE). 35 No scaled triples correction was used in our calculation.
The 6D SiO-H 2 interaction potential, referred to as VSiOH2, is a hybrid one that combines a fit to the full ab initio data set (denoted V I ) and a fit to the long-range data (denoted V II ) and is given by
where s is a switching function, defined as
R i = 10.0 a 0 and R f = 12.0 a 0 , and
Both V I and V II have been fitted in 6D using an invariant polynomial method 24, 36 and are expanded in the form 
where y i = exp(−d i /p) are Morse-type variables, and p is a user-specified parameter. For V I we used p = 3.0 a 0 , and for V II p = 9.5 a 0 . The internuclear distances d i between two atoms are defined as
The powers n 1 , · · · , n 6 satisfy n 1 + · · · + n 6 ≤ 7 and n 2 + n 3 + n 4 + n 5 = 0, that is, the maximum power of the polynomial is 7, and the interaction potential is guaranteed to go to zero when SiO and H 2 are separated to R → ∞ for all r 1 and r 2 . The total number of linear coefficients C n 1 ···n 6 is 882, and these coefficients were determined via linear least-squares fitting using our software MSA. 37 The root mean square (RMS) fitting error in the long range fit VII is 0.05 cm −1 , for VI the RMS error is 2.61 cm −1 . This hybrid approach greatly improves the behavior of the PES in the long range.
Fig . 2 shows the R dependence of 6D PES for 
Scattering Theory and Computational Details
The quantum CC formalism for diatom-diatom scattering including vibrational motion has been fully developed 2,38-40 and applied to a number of full-dimensional scattering studies. 6, 8, 10 To facilitate the scattering calculations, the interaction potential between SiO and H 2 , V ( r 1 , r 2 , R), which vanishes when SiO and H 2 are far apart, can be written as, 
• ), and (180
The bond lengths of SiO and H 2 are fixed at their equilibrium distances. Symbols are ab initio energy points. • ; and of r 1 and r 2 (Lower panel) for R=6.5 a 0 and θ 1 = θ 2 = φ=0
• . Additional PES plots can be found in the Supporting Information.
with the bi-spherical harmonic function expressed as,
where
Only even values of λ 2 contribute due to the homonuclear symmetry of H 2 .
A combined molecular state (CMS) 5 notation, (v 1 j 1 v 2 j 2 ) was applied to describe a combination of rovibrational states for SiO (v 1 j 1 ) and H 2 (v 2 j 2 ). The quantum numbers j and v denote the rotational and vibrational energy levels. The state-to-state rovibrational cross section can be expressed as a function of the collision energy E c ,
where (v 1 j 1 v 2 j 2 ) and (v 1 j 1 v 2 j 2 ) denote the initial and final CMSs, respectively. The wave vector k = 2µE c /h 2 , and S is the scattering matrix. The quantum number l denotes the orbital angular momentum, the total angular momentum J is given by J = l + j 12 , where
The total quenching cross section of SiO from initial state
obtained by summing the state-to-state quenching cross sections over the final rotational state of j 1 of SiO in vibrational state v 1 ,
The state-to-state rate coefficients at a temperature T can be obtained by thermally averaging the corresponding integral cross sections over a Maxwellian kinetic energy distribution,
where µ is the reduced mass of the SiO-H 2 complex, β = (k B T ) −1 , and k B is Boltzmann's constant.
Full-dimensional rovibrational scattering calculations were carried out using the TwoBC 
Results and Discussion

Pure rotational excitation
The rotational excitation and deexcitation cross sections of SiO by H 2 have been calculated for the process, SiO( The cross sections with respect to partial wave summation are converged to within ∼5%, which is ensured by varying the maximum number of partial waves considered (see Tabel Table 1 : Parameters used in the scattering calculations. 
Basis set
b Maximum partial waves J(J E 1 , J E 2 , J E 3 , J E 4 ) used in scattering calculations for collision energies E 1 =10, E 2 =100, E 3 =1000, and E 4 =5000 cm −1 , respectively. 1). The basis sets used in the scattering calculations are given in Table 1 . Fig. 4 State-to-state rate coefficients for temperatures between 5 and 1000 K were computed for SiO initial rotational states j 1 =1 -5. As an example, in Fig. 6 the state-to-state quenching rate coefficients from initial rotational states j 1 =1, 3, and 5 are displayed for SiO in collision with para-H 2 (j 2 =0). To the best of our knowledge, there have been no published experimental cross sections or rate coefficients available for rotational transitions of SiO by collisions with H 2 . Theoretical studies are also very limited. For SiO in collision with para-H 2 (j 2 =0), pure rotational (de)excitation rate coefficients for some selected rotational levels are available, but they were computed using SiO-He PESs. Turner et al. 22 calculated rotational excitation rate coefficients for SiO in collision with para-H 2 (j=0) using the coupled-states approximation 
Rovibrational quenching
The main focus of this work is actually on full-dimensional calculations of the state-to-state cross sections for SiO rovibrational transitions from
For collision energies ranging from 1 to 5000 cm −1 , the basis sets used in the scattering calculations are listed in Table 1 . The state-to-state cross sections are summed over SiO final rotational levels v 1 = 0, j 1 to yield total vibrational quenching cross sections. In the present calculations, j 1 =0 and 1, j 1 =0, 1, 2, · · · , 35. j 2 =0
for para-H 2 and 1 for ortho-H 2 . Only the rotational transitions of H 2 are considered, the vibration of H 2 is fixed in the ground state v 2 = v 2 = 0.
For illustration, Fig. 9 presents the state-to-state and total cross sections for quenching Comparison of current state-to-state rotational quenching rate coefficients with previous approximate results from Refs. [16, 22] and obtained from reduced mass scaling of SiO. Transitions are from j 1 =2 to j 1 =0 and 1, and the collider is para-H 2 . In general, when the collision energies exceed the van der Waals well depth, the state-to-state and total quenching cross sections increase with increasing collision energy. As shown in Fig. 9 , for the case of para-H 2 , the cross section to j 1 =5 dominates at energies below ∼ 200 cm −1 , then the cross section to j 1 =10 becomes the largest for collision energy above 200 cm −1 . At E c =5000 cm −1 , the cross section to j 1 =0 is the smallest, while the cross section to j 1 =30 becomes the largest.
Cross sections for j 1 =20, 25, and 30 are several orders of magnitude smaller than the other transitions shown in Fig. 9 for energies below 500 cm In other words, vibrational excitation has little effect on pure rotational transitions, which might be expected due to the harmonic behavior of the monomer SiO potential.
The vibrational quenching cross sections from initial states (1100) and (1101) are also calculated, in which the excited j 1 =1 levels are considered. Fig. 11 (a) illustrates the energy dependence of the total v 1 = 1 → v 1 = 0 quenching cross section with para-H 2 from CMSs (1000) and (1100) for H 2 elastic (j 2 = 0 → j 2 = 0) and inelastic (j 2 = 0 → j 2 = 2) transitions.
The total quenching cross sections from (1000) and (1100) show some differences for energies less than 40 cm −1 , in particular due to different resonance behavior. However, the total quenching cross sections are nearly identical for energies above 40 cm −1 , which is likely due to the small energy difference between j 1 =0 and j 1 =1. The cross section corresponding to inelastic H 2 transition j 2 = 0 → 2 are about one order of magnitude smaller than that for elastic H 2 transition for energies below 100 cm −1 . From Fig. 11 (b) it can be observed that, for the collision with ortho-H 2 the total vibrational quenching cross sections from initial CMSs (1001) and (1101) show similar behavior. The cross section with an elastic H 2 transition dominates, while the cross sections for j 2 = 1 → 3 are about two times smaller than the H 2 rotation preserving j 2 = 1 → 1 transition. Furthermore, the difference becomes larger with increasing energy, therefore the cross section for the j 2 = 1 → 3 transition can be neglected at high collision energies. The state-to-state and total vibrational quenching rate coefficients are obtained by thermally averaging corresponding cross sections over a Maxwellian distribution of kinetic energy. There are no published theoretical or experimental rate coefficients available.
As an illustration, we present the total rate coefficients for vibrational quenching from (1000) to (v 1 = 0) in collisions with para-H 2 (j 2 =0 and 2) and from (1001) to (v 1 = 0) with ortho-H 2 (j 2 =1 and 3) as displayed in Fig. 12 . It can be seen that the total quenching rate coefficients of SiO with H 2 show similar trends to that presented for the total quenching cross sections in Fig. 11 . Fig. 12 (a) shows that for SiO with para-H 2 , the total vibrational quenching rate coefficients for ∆j 2 = 0 are nearly an order of magnitude larger than the results for ∆j 2 = 2, between 5 and ∼100 K the rate coefficients generally decrease weakly with increasing temperature. For temperatures above ∼ 100 K, the rate coefficients generally increase with increasing temperature. As shown in Fig. 12 (b) , the trends for ortho-H 2 are very similar to those noted for para-H 2 collisions. The total vibrational quenching rate coefficients for ∆j 2 = 0 are nearly three times larger than the results for ∆j 2 = 2.
In Fig. 12 The vast difference between the CO and SiO rate coefficients suggests that scaling arguments based on chemical similarities (see Ref. [46] ) should be used with caution.
Astrophysical Applications
Emission from interstellar molecular species are used to probe the physical and chemical conditions of the ISM. In particular, observations of rotational and vibrational transitions can provide information on elemental abundances, gas temperature, radiation field, and other local parameters. Since molecular hydrogen is the most abundant species in most cool astrophysical environments, it is usually the dominant collider for molecular emission. While However, modeling such spectra requires collisional rate coefficients due to collision by the most abundant species H 2 , H, and He. Since, it is difficult to measure collisional rate coefficients, astrophysical modeling mainly relies on theoretical results. In previous studies discussed above, approximate SiO-para-H 2 rate coefficients, which were obtained using an SiO-He PES were adopted, will lead to significant modeling uncertainty. The current collisional rate coefficients, therefore, will be critical to advance astrophysical modeling of SiO observations. 
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• Fig. S1 . Anisotropy of the VSiOH2 PES for R= 6.0, 6.5, 7.0, and 8.0 a 0 .
• Fig. S2 . Rotational state-to-state de-excitation cross sections for SiO with para-H 2 , j 1 =1, 3, and 5.
• Fig. S3 . Rotational state-to-state de-excitation cross sections for SiO with para-H 2 , j 1 = 2 and 4.
• Fig. S4 . Rotational state-to-state de-excitation cross sections for SiO with ortho-H 2 , j 1 = 2 and 4.
• Fig. S5 . Rotational state-to-state de-excitation rate coefficients for SiO with ortho-H 2 , j 1 =1, 3, and 5.
• Fig. S6 . State-to-state and total vibrational quenching cross section for SiO in collisions with ortho-H 2 .
• Fig. S7 . Comparison of the distributions of final rotational levels in v 1 = 0 quenching from CMSs (1000) and (1001) at E c =1.0, 10.0, and 100.0 cm −1 .
• Fig. S8 . State-to-state and total vibrational quenching rate coefficients for SiO in collisions with ortho-H 2 .
• A Fortran subroutine for generating the 6D VSiOH2 PES is available to download.
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